Abstract POLCA (i.e. Paired-cell Overlapping Loops of Cards with Authorization) is a card-based production control approach developed to support the adoption of Quick Response Manufacturing. The approach has received significant research attention but has remained largely unchanged since its introduction in the late 1990s. The main improvements have occurred in the context of an electronic POLCA system, but such developments undermine the simplicity of the original card-based concept. We ask: is there any refinement possible to enhance the performance of POLCA without jeopardizing its simplicity? By analyzing POLCA, two possible refinements are identified: (i) the choice of rule to support both the card allocation and dispatching decisions; and (ii) the use of a starvation avoidance mechanism to overcome premature station idleness, as reported in the context of load limiting order release. Using simulation, we demonstrate that performance gains can be obtained by using different rules for card allocation and dispatching other than the earliest release date rule typically applied in POLCA for both decisions. Further, results demonstrate performance improvements for all combinations of card allocation and dispatching rules considered via the addition of a simple starvation avoidance mechanism. Both refinements significantly enhance POLCA performance, potentially furthering its application in practice.
Introduction
POLCA (i.e. Paired-cell Overlapping Loops of Cards with Authorization) is a production planning and control system that combines a card-based pull element (the "POLC" in "POLCA") with a higher-level Material Requirements Planning (HL/MRP) system for release Authorization (the "A" in "POLCA"). Suri [32] was the first to present POLCA as a production planning and control approach to support the adoption of his Quick Response Manufacturing philosophy, or the pursuit of time-based competition (Stalk [30] ). POLCA has been argued to be an alternative to kanban systems specifically for companies that produce a high variety of products on a maketo-order basis (e.g. Krishnamurthy & Suri [18] ; Riezebos [26] ).
POLCA however has remained largely unchanged since its introduction in the late 1990s (Riezebos [26] ). One of the few improvements reported has been the introduction of color-coded cards by Pieffers & Riezebos (2006, cited in Riezebos [26] ). Stations were given a specific color, meaning each POLCA card consists of two colors, which allowed POLCA cards and routes to be identified more easily. Vandaele et al. [35] presented two further refinements but in the context of an electronic POLCA system. First, a method for dynamically determining lead time allowances based on a queuing model and a so-called ARP (Advanced Resources Planning) system instead of fixed lead time allowances. Second, an approach for setting the work-inprocess limit per POLCA loop based on input data derived from the ARP system. The first refinement addressed a weakness in the prioritization of orders while the second addressed a weakness in capacity control. Vandaele et al.'s [35] refinements however rely on the use of an electronic POLCA system, which in turn requires rather specific expert knowledge. This undermines POLCA's simplicity and, as a consequence, hinders its application to smaller shops with limited resources. These shops often operate as high variety make-to-order companies -the type of shop for which POLCA was originally designed (e.g. Suri [32] ; Krishnamurthy & Suri [18] ; Riezebos [26] ).
Against the above backdrop, the question remains: is there any refinement possible to enhance the performance of POLCA without jeopardizing its simplicity? This paper seeks to address this question in order to enhance the performance of POLCA, thereby furthering its application in practice. To achieve our objective, POLCA is first analyzed to identify possible refinements before extensive simulation experiments are used to assess the effectiveness of our proposed refinements.
The remainder of this paper is structured as follows. In Section 2, we review the mechanisms underlying POLCA and outline possible means of refinement. The simulation model used to evaluate performance is then described in Section 3 before the results are presented, discussed, and analyzed in Section 4. Finally, conclusions are drawn in Section 5, where managerial implications and future research directions are also outlined.
Background -The POLCA Production Planning and Control System
POLCA is a production planning and control system that combines a card-based pull element with a HL/MRP system for release authorization. It can consequently be classified as a hybrid push/pull system (Esmaeilian et al. [8] ); using a pull system local information about the status of production and inventories to control order release, while a push systems relies on global information (Selçuk [28] ). This section does not aim to present a comprehensive review of the POLCA literature; although no explicit review paper on POLCA exists, an extensive literature review is provided within the work of Riezebos [26] . The aim of this section is twofold: (i) to outline the POLCA system in order to provide insights into its underlying mechanisms; and, (ii) to outline proposals for refinement. Section 2.1 describes POLCA before Section 2.2 discusses proposals for refinement.
Mechanisms Underpinning a POLCA System
POLCA links the different stations in the routings of orders using card loops. POLCA uses cardloops between pairs of stations, e.g. between stations A and B. Each pair of consecutive stations, often referred to as cells in the POLCA literature, in the routing of a job has a POLCA card that identifies the two stations. A major difference between POLCA and, for example, kanban systems is that POLCA cards are job anonymous (Riezebos et al. [27] ; Ziengs et al. [36] ) while kanban cards are not (Shingo [29] ). In this aspect, POLCA cards resemble ConWIP (Constant Work-In-Process) cards. In other words, POLCA cards do not indicate which job to work onjust that a job requires processing at two consecutive stations of the loop (e.g. A-B). As a consequence, there is still a need to choose between alternative jobs waiting in the queue of a station. In the POLCA system, this is provided by the release Authorization -the "A" in POLCA. POLCA's authorization element uses earliest job release dates for each station, calculated by a HL/MRP system. Let us consider an order that moves from Station A to Station B to Station C. When the order arrives at Station A, three conditions have to be met to start processing the order: (i) Station A must be available;
(ii) A POLCA A-B card (which circulates between the station pair A and B) must be available, indicating the future availability (of capacity) at Station B; and, (iii) The order must be authorized, i.e. the earliest release date calculated for this order at Station A must have been reached.
If this is the case, the POLCA A-B card is attached to the order and the order can be processed at Station A. Once complete at Station A, the order moves to Station B (and the A-B card remains attached to the order) where the same three conditions as above have to be met, replacing Station A by Station B, and so on. When the order is finished at Station B (and only then), the A-B card is freed and moves back to Station A; and the order moves to Station C, and so on. The overall POLCA system is depicted in Figure 1 .
[Take in Figure 1] 
Proposals for Refinement
This study started by asking:
Is there any refinement possible to enhance the performance of POLCA without jeopardizing its simplicity?
A first indication of where to look when refining POLCA is given by the refinements proposed by Vandaele et al. [35] in the context of an electronic POLCA system. These refinements focused on two areas: (i) improved prioritization of orders; and, (ii) capacity control.
Therefore, and focusing on the structure of POLCA systems, two aspects with potential for improvement can be identified: (i) improved prioritization through the choice of different rules for card allocation and dispatching; and, (ii) improved use of capacity via the introduction of a starvation avoidance mechanism. Both will be discussed below, in sections 2.2.1 and 2.2.2, respectively.
Refinement 1: Improved Prioritization through Card Allocation and Dispatching Rules
In the original POLCA system, an order must be authorized, i.e. the earliest release date calculated for a particular order at a station must have been reached. But this condition is myopic since there could be a better sequence of jobs for processing at a station; better in terms of different performance objectives. Therefore, we argue that the highest priority should be given to the job that is likely to contribute the most to system performance regardless of whether the earliest release date calculated for this job has been reached or not.
Jobs in a queue waiting to be processed may or may not have the required card from the next station in their routing. So, two rules for prioritization are required within POLCA. First, a card allocation rule that determines which job from the set of jobs without a card should receive the next card. Second, a dispatching rule that determines which job in the set of jobs with a card will be processed next at the station. In this aspect, POLCA is significantly different from ConWIP, where the acquisition of a card triggers release, and from kanban systems, where a kanban card always is associated to a specific order making a card-acquisition rule meaningless (see the third and fourth kanban rules presented in Ohno [23] POLCA typically assumes the same rule -earliest release dates (ERDs) -is applied for both card acquisition and dispatching decisions. This assumption is revisited in our study and POLCA is refined as follows: (i) other rules in addition to ERD are considered; and, (ii) the use of different rules for card allocation and for dispatching is trialed. A first indication of the potential impact of the dispatching rule was given by Braglia et al. [3] ; however, this was in the context of an m-POLCA system in which POLCA cards are part number specific -as for m-ConWIP (Duenyas [6] ) -rather than job anonymous as for the original POLCA system and ConWIP.
Meanwhile, the card acquisition rule is important since there may be a relevant time lag between the time the card allocation decision is taken and the time that the processing of the job starts.
Therefore, different jobs may be accumulated in the queue of a station. The card allocation decision determines the set of eligible jobs for the dispatching rule on the shop floor.
Refinement 2: Better use of Capacity through Starvation Avoidance
As early as Kanet [16] , load limiting release methods -such as kanban, ConWIP (Constant Work-in-Process), Workload Control, and POLCA -have been criticized for introducing premature idleness. Premature idleness of a station means that it is starving due to the workload restriction at another station in the system despite the availability of jobs that could be processed directly at the starving station. Thürer et al. [34] recently demonstrated that premature idleness can be reduced by a starvation avoidance mechanism, which injects work -i.e. 'feeds' a station -if a station is starving regardless of the workload limit at other stations. This leads to our second refinement. POLCA is refined to allow for the temporary violation of the card limit to avoid starvation. In our study, starvation avoidance (SA) cards are used for injecting work to a starving station. It should be noted that our focus is on premature idleness and starvation and not on POLCA-specific blocking, as observed, e.g. in Lödding et al. [21] and Harrod & Kanet [13] .
Simulation is used to assess the impact of our two proposals for refinement. The following section outlines the simulation model and describes how both of our refinements have been implemented.
Simulation Model
In this study we consider a high variety make-to-order environment. A powerful tool for analyzing this kind of complex stochastic system is discrete event simulation (Negahban & Smith [22] ). The shop and job characteristics modeled in the simulations are first outlined in Section 3.1. Section 3.2 then details how POLCA and our two refinements were modeled.
Finally, the experimental design is outlined and the measures used to evaluate performance are presented in Section 3.3.
Overview of Modeled Shop and Job Characteristics
In recent simulation studies on POLCA (e.g. Germs & Riezebos [12] ; Ziengs et al. [36] ), a simple divergent shop structure was used. However, make-to-order companies that produce a high variety of products often use a functional layout and operate as some form of job shop (e.g.
Hendry [14] ). Enns [7] shop, and pure flow shop. Therefore, the general flow shop is considered in our study. The general flow shop also avoids the problem of feedback in the routing that leads to POLCA specific blocking (Lödding et al. [21] ; Harrod & Kanet [13] ). This kind of blocking will be explicitly avoided in our experimental design to omit interaction effects with premature idleness.
[Take in Figure 2 [Take in Table 1] 
POLCA and Refinements
As in previous simulation studies on POLCA (Lödding et al. [4]), it is assumed that materials are available and all necessary information regarding shop floor routing and processing times is known upon the arrival of an order to the shop. POLCA loops reflect every possible routing step of orders. Six levels for the number of cards per loop are considered: 8, 10, 12, 14, 16 cards per loop, and infinite cards. The same number of cards is used within each loop in a given experiment. This is justified by the balanced shop considered in our study. How our two refinements -card allocation/dispatching rule and starvation avoidancehave been implemented is discussed in Section 3.2.1 and Section 3.2.2, respectively.
Card Allocation and Dispatching Rules
The card allocation and dispatching rule advocated in POLCA is the Earliest Release Date (ERD) rule, where the earliest release date is calculated by backward scheduling from the job due date based on throughput time allowances for each operation in the routing of a job. As suggested for POLCA (Riezebos [26] ), and as is typical in the literature on modeling MRP systems (e.g. Krishnamurthy et al. [17] ; Steele et al. [31] ; Jodlbauer & Huber [15] ), we use a constant allowance for the planned operation throughput time that is offset at each level. This allowance is based on preliminary simulation experiments. The ERD rule for card allocation and dispatching is our baseline measure. The rules considered for assessing the impact of our first refinement -improved prioritization through different card allocation and dispatching ruleswill be introduced next.
For priority dispatching, we will consider the Shortest Processing Time and Modified ERD rule (MERD). The SPT rule is a load-based rule that has been previously shown to reduce throughput times in flow shops (e.g. Conway [5] ). It selects the job with the shortest processing time from the queue. Meanwhile, the MERD rule combines the SPT and ERD rule. The MERD rule is a variant of the Modified Operation Due Date (MODD) rule proposed, e.g. by Baker & Kanet [2] . MERD essentially subdivides the set of eligible jobs into two subsets: a subset of urgent jobs for which the ERD has already passed and a subset of non-urgent jobs. Urgent jobs always receive priority over non-urgent jobs, whereby urgent jobs are selected for processing according to SPT and non-urgent jobs are selected according to ERD. The MERD rule shifts between a focus on ERDs, to complete jobs on time, and a focus on speeding up jobs -through SPT effects -during periods of high load, i.e. when multiple jobs exceed their ERD (Land et al. [14] ).
For card allocation, the SPT rule is substituted by a capacity slack-based rule (see, e.g.
Philipoom et al. [25] ; Fredendall et al. [11] ; Thürer et al. [33] ). The SPT rule focuses only on the station where the job is queuing. Hence, it has a local view and does not take into account the next station(s) in the routing of an order, which may potentially be contained in the same loop.
Therefore, instead of prioritizing jobs in the set of jobs without a card according to shortest processing times, they are prioritized according to a capacity slack ratio as given by Equation (1) below. The lower the capacity slack ratio S j of job j, the higher is the priority of job j. The rule integrates three elements into one priority measure: the workload contribution of a job (i.e. 1); the load gap, (i.e. the difference between a load limit or norm The final set of card allocation and dispatching rules considered in our study is summarized in Table 2 .
[Take in Table 2 ]
Starvation Avoidance Mechanism
On some occasions, a station may be starving although there is work in the queue, e.g. when all available POLCA cards that authorize production at that station are at the succeeding station.
This form of premature idleness can be resolved by attaching a Starvation Avoidance (SA) card to the job from the set of jobs without cards that has the highest priority (according to the card allocation rule applied) thereby allowing it to be processed at the starving station. Using an SA card means that the work-in-process cap or limit will be exceeded. Thus, similar to Workload Control, POLCA recognizes the need to temporarily violate the work-in-process limit to avoid premature idleness (Thürer et al. [34] ). In order to restore the limit, POLCA cards do not become available after being detached from jobs as long as SA cards are in use. Only after all SA cards are returned can the POLCA card be used.
In order to test the impact of different levels of SA cards within each loop, four scenarios are considered: none (the original POLCA system), 1 SA card, 2 SA cards, and infinite SA cards, i.e. as many cards as required.
Experimental Design and Performance Measures
The experimental factors, as summarized in Table 3 , are: (i) the starvation avoidance mechanism (none, 1, 2, and infinite SA cards per loop); (ii) the card allocation rule (ERD, CS, and MODCS); (iii) the dispatching rule (ERD, SPT, and MERD); and, (iv) the six different levels for the number of POLCA cards (8, 10, 12, 14, 16 , and infinite cards). A full factorial design was used with 216 (4*3*3*6) scenarios, where each scenario was replicated 100 times. All results were collected over 13,000 time units following a warm-up period of 3,000 time units to minimize initialization bias. These parameters allow us to obtain stable results while keeping the simulation run time to a reasonable level.
[Take in Table 3] Four main performance measures are considered in this study as follows: mean total throughput time -the mean of the completion date minus the pool entry date across jobs;
percentage tardy -the percentage of jobs completed after the due date; mean tardiness -that is,
, with j L being the lateness of job j (i.e. the actual delivery date minus the due date of job j); and, the standard deviation of lateness.
The total throughput time is used as the main indicator of the balancing capabilities of the approaches being tested. It also reflects the average lateness of jobs, which can be derived directly from this measure (it is equal to the realized average total throughput time minus the average delivery time allowance). The main indicator of delivery performance is the percentage of tardy jobs, which is influenced by both the average lateness and the dispersion of lateness across jobs. Finally, in addition to the four main performance measures, we also measure the average shop floor throughput time as an instrumental performance variable. While the total throughput time includes the time that an order waits before being released, the shop floor throughput time only measures the time after an order is released to the shop floor. The average shop floor throughput time is a useful indicator of the work-in-process level on the shop floor as, according to Little's Law (Little [20] ), it is linked directly to the level of work-in-process.
Results
To obtain a first indication of the relative impact of the experimental factors, statistical analysis has been conducted by applying an Analysis of Variance (ANOVA). ANOVA is here based on a block design with the number of POLCA cards in each card loop as the blocking factor, i.e. the six levels of cards per loop were treated as different systems. A block design allowed the main effect of the number of cards and both the main and interaction effects of our other three factors (starvation avoidance mechanism, card allocation rule, and dispatching rule) to be captured. The results -as summarized in Table 4 -show that all main effects and most two-way and three-way interactions are significant at α=0.05. There are no significant two-way interactions between starvation avoidance and the card allocation rule and starvation avoidance and the dispatching rule in terms of shop floor throughput time performance. Meanwhile, the three-way interactions are not significant for the shop floor throughput time and the total throughput time.
[Take in Table 4 ]
The Scheffé multiple-comparison procedure was used to further examine the significance of the differences between the outcomes of the individual card allocation and dispatching rules. Table 5 and Table 6 summarize the 95% confidence intervals for the card allocation and dispatching rules, respectively. Meanwhile, Table 7 gives the confidence interval for the twoway interaction between the card allocation and dispatching rules. Differences are considered not significant if the interval includes zero.
[Take in Table 5, Table 6 & Table 7] Significant differences between the outcomes of all card allocation and dispatching rules can be identified from Table 5 and Table 6 , except for the CS and MODCS card allocation rules, which perform statistically equivalent in terms of the percentage tardy, and the MODCS and ERD card allocation rules, which perform statistically equivalent in terms of the total throughput time. Meanwhile, Table 7 shows significant differences between the outcomes of the different combinations of card allocation and dispatching rules. In order to further assess performance differences, detailed performance results will be presented next in Section 4.1 where we focus on the impact of our refinements if dispatching follows ERD. This means, we focus on: (i) the impact of different combinations of our three allocation rules and ERD; and, (ii) starvation avoidance. The performance impact of SPT and MERD dispatching is then assessed in Section 4.2.
Performance Assessment (Under ERD Dispatching)
A major challenge when comparing different control policies is the creation of comparable In our study, the main parameter determining POLCA performance is the number of cards allowed in a POLCA loop. This parameter is therefore used to create our performance curves. [Take in Figure 3 ]
In terms of our two refinements, the following can be observed from the results: . During these periods the ratio between the load contribution and load gap elements is substituted by M, where M is a sufficiently large number. As a result, specifically in high load periods, capacity slack rules are less effective, even though these are the periods when improved load balancing is needed the most (Land et al. [19] ). Figure) : The use of SA cards to avoid premature idleness significantly improves the performance of POLCA for all four main performance measures considered. As somewhat expected, the positive effect of SA increases as the number of cards in each POLCA loop reduces, i.e. if we move to the left on each curve.
 Refinement 2 -Starvation Avoidance (within each
Reducing the number of POLCA cards increases the risk of premature idleness and consequently increases the importance of starvation avoidance. While the use of one SA card leads to significant performance improvement, the full potential of SA cards is realized by allowing for an infinite number of cards, i.e. when no limit is put on the number of SA cards.
Our results thus confirm the validity and positive impact of this refinement.
Performance Assessment -The Impact of the Priority Dispatching Rule
The above section focused on the effect of the card allocation rule and starvation avoidance where ERD dispatching was applied. The objective of this section is twofold: first, to assess the impact of combinations of card allocation and dispatching rules that include SPT and MERD dispatching; and, second, to assess the robustness of our results for starvation avoidance to these combinations. The results for SPT dispatching are given in Figure 4 (4a to 4c) and for MERD dispatching in Figure 5 (5a to 5c) for the ERD, CS, and MODCS card allocation rules, respectively. Again, the total throughput time, percentage tardy, mean tardiness, and standard deviation of lateness results over the shop floor throughput time results are given.
[Take in Figure 4 & Figure 5 ]
The SPT dispatching rule leads to an expected reduction in total and shop floor throughput times and the percentage of tardy jobs compared to ERD (Figure 3) . This is at the expense of mean tardiness performance and the standard deviation of lateness. Reducing the number of cards (i.e. moving from right to left in each figure) reduces the effect of the dispatching rule since it restricts the set of eligible jobs. This leads to performance improvements in terms of mean tardiness and the standard deviation of lateness and to deterioration in terms of the total throughput time at tighter card levels. MERD dispatching ( Figure 5 ) leads to the best performance across all three dispatching rules when applied in isolation; this can be observed by comparing the right-hand starting point of the curves in Figure 3 , Figure 4 , and Figure 5 which gives the results for infinite cards, i.e. where control is only exercised by the dispatching rule.
In terms of our two refinements, the following can be observed from the results: 
Conclusions
POLCA is an important production planning and control concept developed to support the adoption of Quick Response Manufacturing (e.g. Suri [32] ) in companies that produce a high variety of products on a to-order basis. There has been significant research attention on POLCA, and a number of studies have reported on implementations of the approach in practice. While POLCA as a card-based system has remained largely unchanged since its introduction, there has been significant improvement in the context of an electronic POLCA system. This system however relies on electronic data availability and rather specific expert knowledge. This increase in complexity arguably hinders its application to smaller shops with limited resources, although it is often this type of shop that operates on a high variety make-to-order basis. In response, we asked: is there any refinement possible to enhance the performance of POLCA without jeopardizing its simplicity? Based on previous literature and an analysis of POLCA's underlying structure, two possible refinements were identified: (i) the choice of different combinations of card allocation and dispatching rules; and (ii) the introduction of a starvation avoidance mechanism.
Using simulation, we demonstrated the effectiveness of both refinements. First, results suggest a combination of a capacity slack (CS) based card allocation rule from the Workload Control literature in combination with MERD dispatching, a modified earliest release date rule.
Thus, not only should the ERD card allocation/dispatching rule typically applied in the POLCA literature be replaced, but additional performance gains can be obtained by using different rules for card allocation and dispatching. Second, significant performance improvements for all combinations of card allocation and dispatching rule considered in this study were realized through the use of a starvation avoidance mechanism. This mechanism itself relies on the use of simple SA cards that allow for the release of work to a starving station even if this temporarily violates the card limit applied. It is hoped that the improved performance observed for the refined POLCA system furthers POLCA application in practice.
A major limitation of our study is its restricted environmental setting. We have focused on a general flow shop as it was argued in the literature that many high variety make-to-order shops operate as general flow shops. Moreover, this shop type avoids feedback in the routing, thereby avoiding POLCA-related blocking. Future research could however consider more complex shops such as those that include feedback in the routing. This would also allow means of combining starvation avoidance with a resolution for POLCA-related blocking to be explored. Finally, while our refinements were proven to be effective through simulation, future research is required to assess their impact and suitability in practice. 
Earliest Release Date (ERD)
The job with the earliest release date is considered first.
Time-based reference rule from the POLCA literature
Capacity Slack (CS)
The job with the lowest capacity slack ratio (see Eq. 1) is considered first.
Shortest Processing Time (SPT)
The job with the shortest processing time is considered first.
Load-based rule

Modified Capacity Slack (MODCS)
Jobs are divided into two classes: urgent, i.e. jobs with an ERD that has already passed the current date; and non-urgent. Urgent jobs are considered first according to the CS rule. Non-urgent jobs are considered according to the ERD rule.
Modified Earliest Release Date (MERD)
Jobs are divided into two classes: urgent, i.e. jobs with an ERD that has already passed the current date; and non-urgent. Urgent jobs are considered first according to the SPT rule. Non-urgent jobs are considered according to the ERD rule.
Combines timebased and load based rule 
